A novel rust species Diaphanopellis purpurea on Rhododendron oreodoxa collected in Southern China was identified and described. Light and scanning electron microscopy observations indicated that this rust species was morphologically distinct from other known Diaphanopellis species and Chrysomyxa species in teliospore morphology and urediniospore surface structure. Diaphanopellis purpurea can be phylogenetically separated from other Chrysomyxa species based on analysis of internal transcribed spacer (ITS) partial gene sequences. The aecial stage of the new species was also confirmed.
Introduction
Rust genus Diaphanopellis was established by Crane with the type species Diaphanopellis forrestii P. E. Crane occurring on Rhododendron selense Franch (Crane 2005 , Kirk et al. 2008 . Diaphanopellis is characterized by the teliospores enclosed in hyaline sheaths, and the uredinia surrounded by a peridium with ornamented cells (Barclay 1891 , Balfour-Browne 1955 , Crane 2005 . Most rusts infecting Rhododendron belong to the genus Chrysomyxa, which are morphologically different from Diaphanopellis species in having uredinial peridium and distinct teliospores. Chrysomyxa species produce catenulate teliospores without gelatineous layers and uredinia covered by an inconspicuous peridium (Berndt 1999) .
During an investigation of rust fungi in China, we collected a rust species on Rhododendron oreodoxa Franch., producing urediniospores and teliospores that were different from these of Diaphanopellis forrestii and other known Chrysomyxa species. In this paper, we described and illustrated this rust as a new species. We also performed phylogenetic analysis of rDNA to confirm the aecial stage of this new taxon discovered on Picea purpurea.
Materials and methods

Specimen collection and herbaria
Fresh specimens were collected in Sichuan and Yunnan Province in China and deposited at the Mycological Herbarium, Museum of Beijing Forestry University (BJFC) in China. Herbaria were borrowed from the Mycological Herbarium, Chinese Academy of Sciences (HMAS). Host plants, locality of collection and accession numbers for sequence data from GenBank and Barcode of Life Database (BOLD, www.barcodinglife.org) were listed in Table 1 .
Morphological characteristics observation
Spores and hand sections of telia were mounted in lactophenol or lactophenol-cotton blue solution on the microscopic slides. For each specimen, approximately 30 spores were randomly selected and measured using a DM2500 upright microscope (Leica, Germany). The surface macro-structures of samples were examined by using scanning electron microscopy (SEM). Aeciospores and urediniospores were adhered onto aluminum stubs covered with double-sided adhesive tape, coated with gold using the SCD-005 Sputter Coater (Hitachi, Tokyo, Japan), and then observed using a S-3400N scanning electron microscope (Hitachi, Tokyo, Japan) operated at 10-15 kV.
DNA extraction, PCR and sequencing
Genomic DNA was extracted using the modified method of Tian et al. (2004) . The internal transcribed spacer (ITS) and 5.8S region of rDNA was amplified with primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (White et al. 1990 , Gardes & Bruns 1993 . Amplifications were performed in 25 μL of PCR solution containing 1 μL of DNA template, 2.5 μL of sense primer (2 μM), 2.5 μL of antisense primer (2 μM), 12.5 μL of 2×Es Taq MasterMix (Cwbio, Beijing, China), and 6.5 μL of dd H 2 O.The PCR conditions were as follows: 94°C for 3 min, 35 cycles of 94°C for 30 s, 50°C for 1 min, and 72°C for 1 min, and a final step of 72°C for 10 min. PCR products were purified and cloned for sequencing (TSINGKE, Beijing, China) .
Phylogenetic analysis
The raw sequences obtained were aligned using ClustalX1.83 and MAFFT v.7 (Thomson et al. 1997, Katoh & Standley 2013) . We compiled two datasets for phylogenetic analyses: (A) an rDNA ITS dataset that consisted of sequence data obtained from this study, and rust species of Coleosporiaceae from BOLD (Feau et al. 2011) and GenBank (Table 1) , and (B) a rDNA ITS dataset, which included the related rust genera with Chrysomyxa, representing major lineages of Pucciniaceae, Pucciniastraceae, Coleosporiaceae, Cronartiaceae and Melampsoraceae (Table 3) . Phylogenetic trees obtained from analyses (A) and (B) were rooted with Melampsora epitea (AY471646) and Puccinia melampodii (EU659697) respectively. Maximum parsimony (MP) analysis was carried out using the heuristic search option with 1,000 random-addition sequences and tree bisection and reconnection as the branch-swapping algorithm implemented in PAUP v.4.0b10 (Swofford 2002) . In the MP analyses, gaps were treated as missing data, and all characters were equally weighted. Clade stability was assessed using a bootstrap analysis with 1,000 replicates (Felsenstein 1985) . Tree length (TL), consistency index (CI), retention index (RI), and rescaled consistency (RC) were also calculated. Bayesian analysis was performed with MrBayes 3.1.2 (Ronquist & Huelsenbeck 2003) using the Markov Chain Monte Carlo (MCMC) method, the best-fit substitution models were estimated using Modeltest ver. 3.7 based on the implementation of the Akaike information criterion (AIC) (Posada and Crandall 1998) . GTR + I + G was selected as the best evolutionary model for the rDNA ITS datasets, and the Markov chains were run for 1,000,000 generations. The trees were sampled every 100 generations, resulting in 10,000 total trees. Sequence alignments were deposited at TreeBase (http://www.treebase.org/) under the accession number 19266. * stands for specimens used in this study.
-stands for no information available.
Results
Morphology
The telia of the rust fungus on R. oreodoxa were abundant, pulvinate without stalk cells, and had a waxy or gelatinous appearance. Teliospores were covered by gelatineous sheaths (Figs 2B, 2C), which is the key characteristics for identification of the genus Diaphanopellis. The uredinia were surrounded by a conspicuous peridium with square and ornamented cells, the outter surface of peridium was deeply convave and smooth, while the inner surface was densely warted. This taxon clearly differs from D. forrestii (Crane 2005) in its urediniospore surface structure and smaller-size teliospores. Moreover, the morphology of uredinia peridium is different in these two species. Detailed morphological comparisons of specimens of the two species, including measurements in the uredinial and telial stages, are presented in Table 2 . * stands for specimens used in this study.
-stands for the information is not found.
Molecular phylogeny
The final alignment consisted of 36 ingroup taxa contained 666 total characters, with 398 constant characters and 93 parsimony-uninformative variable characters. MP analysis yielded a single parsimonious tree (TL = 430, CI = 0.798, RI = 0.887, and RC = 0.707), resulting in 18 terminal clades (Fig. 3) . Bayesian analysis generated a tree of the same topology. The ITS tree indicated that the rust fungus on P. purpurea and R. oreodoxa formed a monophyletic group in Coleosporiaceae with strong bootstrap support (100) and Bayesian probabilties (1.00) (Fig. 3 ). They were also distinct from other known Chrysomyxa species. Moreover, the current rust fungus was phylogenetically distinct from other Coleosporium species, which also belong to the family of Coleosporiaceae. The ITS dataset (Fig. 4 ) of 9 rust genera yielded a highly resolved phylogenetic framework. The data matrix contained 35 fungal specimens. Of 719 total characters, 332 characters were constant and 37 were parsimonyuninformative variable characters. MP analysis of sequence data yielded a single parsimonious tree (TL = 845, CI = 0.611, RI = 0.882, and RC = 0.307). Bayesian analysis resulted in one of identical topology. The topology of the ITS phylogram indicated that the present rust fungus on P. purpurea and R. oreodoxa formed a sister relationship to Chrysomyxa species, and they clustered as a distinct clade from Chrysomyxa species and Coleosporium species, all of which belong to the family of Coleosporiaceae. The present rust fungus represents a new genus because it is different from Chrysomyxa, Coleosporium and Melampsora.
Life cycle
Sequence data of the rust fungus on P. purpurea and that on R. oreodoxa were identical, and they formed a monophyletic group with strong bootstrap support and Bayesian probabilities (Fig. 3) . This suggested that the fungus on P. purpurea is the aecial state of the new species Diaphanopellis purpurea. The aecial stage of D. forrestii was not discovered (Crane 2005) . Molecular comparisons and inoculations to obtain its aecial states would facilitate further investigations of the two species.
Diaphanopellis purpurea produced amphigenous and ligulate, single or confluent aecia on needles of P. purpurea. Aeciospores were variable in shape from globose to ellipsoidal or oblong, densely echinulate, a small numbers of central spines arose frequently on a separated flat columnar verruca. Aecial peridium cells were rectangle, larger than the spores, outer surface was deeply convex, striate or rugulose, while inner surface was flat and smooth. The aeciospore wall ornamentation of this new species is unique and different from all other described Chrysomyxa species on Picea, and distinct from other rust fungi with verruose or annulate aeciospores. The connection of the aecial and telial stages of new species D. purpurea was established by phylogenetic analysis of ITS data.
Taxonomy
Diaphanopellis purpurea C. J. You & J. Cao, sp. nov. (Figs. 1, 2) MycoBank :-MB819572 Etymology:-Epithet "purpurea" refers to the aecial host of the holotype.
Diagnosis:-Differs from morphologically similar species, Diaphanopellis forrestii in the surface structure of uredinospore and uredium peridium. In addition, it differs from other known Chrysomyxa species because of teliospore morphology. Aecia amphigenous, ligulate, 0.3-1.1 mm wide. Aeciospores ellipsoidal, oblong, globose, or subglobose, 16-28 × 11-24 μm, with yellow inclusion, densely echinulate, a small numbers of central spines arise frequently on a separated flat columnar verruca; wall hyaline, 0.4-0.6 μm thick, wall plus spines 1.2-3.4 μm thick; Aecial peridium dehiscing at apex, later shredding, leaving a fringe around sorus; Peridial cells rectangle, larger than the spores, outer surface deeply convex, striate or rugulose, inner surface flat, wall smooth. Uredinia subepidermal, erumpent, Aecidium-type, covered by a conspicuous peridium; Peridial cells polygonal, round or square, similar in size or larger than the spores; Outer peridium surface cells deeply concave, with sharply defined edges, smooth to slightly rough surface; inner surface flat or slightly convex, warts shallow, irregular, and discrete. Urediniospores catenulate, globose, subglobose to polygonal or ovoid, occasionally ellipsoidal, 22-38 × 20-30 μm, densely warted, warts coronate, fingerlike, flameshaped or irregular in shape, the heads are acutely and minutely dentate or tubercular; wall 1.3-1.6 μm thick, wall plus warts 2.1-3.4 μm. Telia in large groups, gelatinous, orange or aurantiaca, erumpent; from round to elongated or irregular, 130-300 × 100-280 μm, often sunken in the center; raised, slightly constricted at the base, without stalk cells. Teliospores catenulate, 10-28 × 5-12 μm, thin-walled, finely tuberculate, enclosed in a loose hyaline sheath with a thin wall, not laterally adherent. 
Discussion
Diaphanopellis purpurea on R. oreodoxa has all the characteristics of Diaphanopellis, its teliospores are covered by transparent sheaths (Figs 2B, 2C) and its telia morphology is similar to Diaphanopellis forrestii. It is distinctly different from Chrysomyxa -the common pathogen infecting Rhododendron, which produces teliospores covered by hyaline sheath and uredinial anamorph in Aecidium rather than Caeoma (Crane 2005) .
Diaphanopellis forrestii on R. selense was described by Crane (2005) and it was characterized by catenulate, densely warted urediniospores, one side covered by a narrowly warted, longtitudinal cap with a ragged edge. The peridial cells of uredinia were larger than the urediniospores, outter surface deeply convave, smooth, or slightly warted, inner surface densely warted, sometimes labyrinthine, side walls striate (Crane 2005) . The type specimen of D. forrestii was unavailable, but detailed morphological examinations of the 2 paratype specimens (HMAS 46927, HMAS 46933) were provided, and the morphological characteristics fitted well with the original description by Crane (2005) . We were unable to obtain the ITS sequences of the species since these specimens were too old for DNA extraction. The new species D. purpurea is clearly distinct from D. forrestii by its unique urediospore-surface structure, which is frequently used as important criterion for species identification, and by its smaller teliospores ( Figs 2B, 2C ). The urediniospores (Figs 2D, 2E, 2F) are densely verrucose, crowded cylindrical, flame-shaped warts, lacking narrow and irregular cap on spore surface, and the inner surface of peridial cells (Figs 2G, 2H) are discrete, shallow and irregular warts, which are different from the densely warted inner surface of D. forrestii. In addition, the teliospore size (10-28 × 5-12μm) of D. purpurea is smaller than that of D. forrestii (17-33 × 6-20μm; Crane 2005) . The detailed morphological differences between the two Diaphanopellis species are listed in Table 2 . Although the sequence data of D. forrestii is currently unavailable, the clearly distinct morphological characteristics between the two species suggest that D. purpurea is a new species. As Crane (2005) mentioned, these unique features of Diaphanopellis including peridium of uredinia and the gelatinous layer over the telium may be adaptations to avoid desiccation at high altitudes and climate changes.
Diaphanopellis purpurea differs from other known Chrysomyxa species in its aeciospores surface ornamentation and aecial peridium. The new species is characterized by its echinulate processes on aeciospores surface, while most Chrysomyxa species produce aeciospores with annulate warts on spore surface. The densely echinulate aeciospores with a small numbers of central spines arising frequently on a separated flat columnar verruca ( Figs 1C, 1E ) closely resemble the ornamentation on urediniospores of Coleosporium phellodendri Kom. on Phellodendron (Kaneko 1981) . However, in phylogenetic analyses (Fig. 3 ) the new species on P. purpurea grouped in a distinct clade from two Coleosporium species and other Chrysomyxa species. In the rDNA ITS phylogeny (Fig. 3) , the present rust fungus on P. purpurea and R. oreodoxa was phylogenetically distinct from the other Chrysomyxa species considered in this study. The new species was phylogenetically distinct from morphologically similar species, i.e., Chrysomyxa cassandrae Tranzschel. and Chrysomyxa rhododendri de Bary. Moreover, it was nested in all Chrysomyxa group in the rDNA ITS phylogeny, however, at genus rank phylogenetic work based on molecular data found the present rust fungus to be a new rust genus, different from Chrysomyxa (Fig.  4) .
